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Abstract
Parsons, Megan B. The University of Memphis. October 2021. Investigating Speech Rate
Alignment in Individuals with Traumatic Brain Injury. Major Professor: Eugene H.
Buder, PhD.
The alignment of verbal and nonverbal behaviors is important for conversation.
Research has shown that interactive behavior alignment is commonly impaired following
a traumatic brain injury (TBI), and the ability for an individual with TBI to align their
speech rate with their conversational partners can be affected. This non-convergence of
speech rates can lead to negative social outcomes, including perceptions of decreased
social connectedness and decreased willingness of conversational partners to engage in
conversation. Despite these negative outcomes, researchers have yet to discover a
therapeutic technique to increase speech rate convergence, and in turn, lead to positive
social outcomes during conversation. Additionally, research has specifically focused on
speech rate convergence in individuals with moderate-to-severe TBI and not individuals
with mild TBI (mTBI). It is currently unclear whether speech rate convergence is also
affected in individuals mTBI.
Speech entrainment (SE) is a therapeutic tool that involves the real time
mimicking of an audiovisual (AV) stimulus. Although this task was originally developed
to improve the fluency of speech in individuals with non-fluent aphasia, this study trialed
SE with individuals with TBI, as it requires repeated alignment of one’s speech rate with
another’s.
For this study, participants with TBI and mTBI engaged in conversations with a
familiar partner before and after engaging in 30 minutes of SE. During the task,
participants mimicked AV stimuli presented at various speech rates (unmodified at c. 2
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syllables/s and accelerated to c. 3.5/syllables/s and c. 5 syllables/s). After the task,
observers rated portions of each conversation on degree of perceived rapport between
participants and their conversational partners.
Results showed that individuals with mTBI entrained to a greater degree to
stimuli compared to the moderate-to-severe TBI group at the slow and medium rates.
Additionally, all participants, regardless of TBI severity, demonstrated greater
entrainment to the slow rate AV stimuli compared to the medium. The degree of speech
rate convergence, however, did not appear to change systematically between pre- and
post-treatment conversations. Finally, based on observers’ ratings, conversations with
speech rate convergence were unexpectedly perceived as less natural and less favorable
compared to conversations with non-convergence of speech rate.
Keywords: alignment, speech rate convergence, speech entrainment, traumatic brain
injury
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Chapter 1: Introduction
Social communication deficits are a hallmark symptom of traumatic brain injury
(TBI). Individuals with TBI have trouble aligning verbal and nonverbal behaviors during
conversation, which can impact rapport. This study investigated speech rate alignments
during a therapeutic treatment and in conversations to lay the foundations for a potential
therapeutic intervention.
Alignment of Verbal Behaviors
Verbal and nonverbal behaviors in conversational partners tend to become more
similar, or converge, over the course of a conversation (Berneiri & Rosenthal, 1991). For
example, conversational partners tend to adopt each other’s word choices (Brennan &
Clark, 1996), mirror each other’s body movements and gaze patterns (Chartrand &
Bargh, 1999; Latif et al., 2014; Richardson & Dale, 2005), and converge speech rates
(Street, 1984). Alignments1 of these behaviors can be considered signs of conversational
rapport (LaFrance, 1979; Tickle-Degnen & Rosenthal, 1990), indicating that
conversational partners are engaged in the interaction (Jokinen & Pärkson, 2011),
predicting cooperation (Manson et al., 2013), and enhancing feelings of social affiliation
(Cappella, 1981; Giles et al., 1991).
The degree of alignment in a conversation can change perceptions of the
conversation. Research has shown that when an experimental confederate mimics a
conversational partner’s behavior, the partner is more likely to view the interaction as
favorable, display prosocial behavior, and rate the confederate as more likable (Chartrand

1

The literature uses a variety of terms to describe these phenomena, such as accommodation (Giles et al.,
1991), alignment (Pickering & Garrod, 2004), entrainment (Beňuš, 2014; Borrie & Liss, 2014), mutual
influence (Cappella & Planalp, 1981), and synchrony (Berneiri & Rosenthal, 1991). For this paper, the term
alignment will be used.
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& Bargh, 1999; van Baaren et al., 2004). Speech rate alignment can also predict
cooperation between conversational partners during a task even more than matching of
word choice (Manson et al., 2013). Furthermore, mimicry can build rapport, affiliation,
and liking (Chartrand & Bargh, 1999; Lakin & Chartrand, 2003).
Divergence in speech patterns, however, can create or reflect social distance,
signaling dislike or disagreement with a conversational partner (Bourhis & Giles, 1977).
Of relevance to this study, inadequate speech rate alignment may be interpreted by
conversational partners as expressing negative attitudes, disinterest, rudeness, or
communicative incompetence (Apple et al., 1979; Putnam & Street, 1984).
Specific disorders have also been connected to deficits in alignment. Difficulties
coordinating behavior, such as emotion, gesture, posture, and speech, with conversational
partners have been observed in individuals with autism spectrum disorder (Feldstein et
al., 1982; Wynn et al., 2018), dysarthria (Borrie & Liss, 2014; Borrie et al., 2015),
fluency disorders (Sawyer et al., 2017), hearing impairment (Freeman & Pisoni, 2017),
schizophrenia (Condon & Ogston, 1966), and traumatic brain injury (TBI; McDonald et
al., 2011; Snow et al., 1997; Gupta, 2012; Turkstra et al., 2006). However, as reviewed in
the next section, only a handful of studies have focused on speech rate alignment in
conversations that involve individuals with TBI.
Traumatic Brain Injury
Traumatic brain injury, a disorder “caused by a bump, blow, or jolt to the head or
a penetrating head injury that disrupts the normal function of the brain (CDC, 2019a),” is
considered a serious public health problem. In 2014, TBI was reported as the cause of
approximately 2.87 million emergency department visits, hospitalizations, and deaths
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(CDC, 2019b). Moreover, it is estimated that 3.7 million Americans are currently living
with long-term TBI-related disabilities (Zaloshnja et al., 2008).
One consequence of TBI is the breakdown or loss of social relationships, which
can lead to loss of employment, social isolation, and feelings of loneliness (Elsass &
Kinsella, 1987; Peters et al., 1990; Thomsen, 1987). For example, conversational partners
have rated their interactions with individuals with TBI as less interesting, less rewarding,
less appropriate, and more effortful than conversations that only involved non-brain
injured individuals (Bond & Godfrey, 1997). Individuals with TBI also have difficulty
regulating the amount of time spent talking, the number of turns taken, the length of turn
duration, the timing of turn-taking attempts, the number of conversational prompts, and
timing eye gaze at turn boundaries (Bond & Godfrey, 1997; Coelho et al., 1991; Snow et
al., 1997; Turkstra et al., 2006).
Gordon et al. (2015) found that individuals with TBI were less likely to converge
speech rates with their conversational partners compared to healthy controls.
Subsequently, independent observers rated conversations involving an individual with
TBI to be less natural. These observers also reported a decreased willingness to engage in
conversation with individuals with TBI in the future.
Even though most participants in the TBI group in Gordon et al.’s (2015) study
did not converge speech rates with their conversational partner, not all participants failed
to converge in the same manner. Eleven out of the 17 TBI dyads in the study did not
display speech rate convergence. Overall, there were two different patterns of nonconvergence displayed. Six of the 11 dyads featured an individual with TBI who used
more words and words per turn than their conversational partner by the end of the
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interaction, overtaking the conversation. However, for the other five dyads, the individual
with TBI used fewer words and words per turn than their conversational partner by the
end of the interaction, demonstrating diverging speech rates.
One limitation of Gordon et al.’s study is their use of words and words per turn to
measure speech rate. Carroll (1966) contends that words should not be considered a
standard unit of measurement for speech rate as the word length can vary widely. Given
these arguments, words and words per turn may not be appropriate units of measure for
determining speech rate and speech rate convergence. For example, the words hi and
supercalifragilisticexpialidocious are counted as one word but vary dramatically in
number of syllables and duration. On the other hand, syllables offer a unit of measure for
calculating speech rate more consistently. For example, research has found that the mean
syllable rate is approximately 4.5 syllables/s in conversation across multiple languages2
(Ding et al., 2017).
A large portion of research on social communication deficits following TBI has
focused on individuals with moderate-to-severe TBI. However, more recent research has
identified various cognitive communication deficits that follow mild TBI (mTBI), such as
in auditory comprehension and information processing, verbal expression and discourse,
social communication, reading comprehension and written expression (Białuńska &
Salvatore, 2017; Binder, Spector, & Youngjohn, 2012; Crewe-Browne, Stipinovich, &
Zsilavecz, 2011; Dinnes & Hux, 2017; Parrish et al., 2009, Popsecu et al., 2017; Ratiu &
Azuma, 2017; Sohlberg, Griffiths, & Fickas, 2014; Zakzanis, McDonald, & Troyer,
2011). Banks, Beal, and Hunter (2021) reported that athletes with a history of a
2

In their investigation, Ding et al. (2017) included American English, Chinese, French, German,
British English, Swedish, Dutch, Danish, and Norwegian.
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sports-related concussion in the past two years demonstrated decreased speech rate
during diadochokinetic tasks, specifically longer average time per syllable. These athletes
also exhibited greater muscle activation of the orbicularis oris, masseter, and submental
triangle as measured by surface electromyography compared to healthy controls, which
may account for the slower speech rate. These studies highlight that long term deficits
following mTBI may also impact social communication processes and, in turn, how
communication partners perceive individuals with mTBI. Therefore, it was of interest to
assess whether alignment of speech rate varied as a function of TBI severity in the SE
task and in conversation.
Speech Entrainment
To date, one study has demonstrated decreased conversational alignment in some
individuals with TBI (Gordon et al., 2015); however, there has yet to be an investigation
of whether the degree of conversational alignment can be manipulated. An effective way
to therapeutically increase speech rate alignment in conversation may be to practice
aligning one’s speech rate to prepared stimuli.
Speech entrainment (SE) is a therapy technique that has been shown to help
individuals with non-fluent aphasia produce more words during spontaneous speech
(Fridriksson et al., 2012; Fridriksson et al., 2015). SE involves the real-time mimicking of
audiovisual (AV) speech for 45 mins/day for 3 weeks (Thors, 2019) to 30 mins/day for 6
weeks (Fridriksson et al., 2012, 2015). During this therapy, the patient watches the
speech model’s mouth while mimicking the model’s speech in real time to the best of
their ability. Over time, the patient’s speech is ‘entrained,’ or pulled along, by the AV
speech model. Fridriksson et al. (2012) demonstrated that following SE, individuals with
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non-fluent aphasia exhibited an increase in different numbers of words and produced
more fluent speech, measured as percent of words correctly produced per script.
However, further research has revealed that SE may work for some individuals with
aphasia but not others (Thors, 2019).
More recently, researchers found that during the SE task individuals with nonfluent aphasia demonstrated an increase in total number of syllables and speech rate and a
decrease in mean silent pause duration compared to their baseline spontaneous speech
(Feenaughty, Basilakos, Bonilha, & Fridriksson, 2021). Given that positive changes in
speech rate have been documented during the SE task (Feenaughty et. al, 2021), and that
continued effects of the task on speech rate have been observed at one week and six
weeks post training (Fridriksson et al., 2012), SE may be a beneficial tool for increasing
conversational speech rate convergence with individuals with TBI.
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Chapter Two: Research Objectives
Summary of Rationale
Alignment of verbal and nonverbal behaviors is important for conversation.
Research has shown that behavior alignment is commonly affected following a traumatic
brain injury. One area believed to be impacted is the ability for an individual with TBI to
align their speech rate with their conversational partners. This can lead to negative social
outcomes, including perceptions of decreased social connectedness and decreased
willingness of conversational partners to engage in conversation. Despite these negative
outcomes, researchers have yet to discover a therapeutic technique to increase speech rate
convergence, and in turn, create positive social outcomes during conversation.
Speech entrainment, which involves real-time mimicking of an audiovisual
model, has proven to be a beneficial therapeutic tool for individuals with aphasia.
However, we argue that SE may also be used for individuals with TBI to practice speech
rate alignment and possibly improve speech rate convergence during conversation. As
this was a feasibility study to determine whether individuals with TBI can entrain their
speech rates, a single session of SE was trialed instead of the full protocol. Although
engaging in fewer SE sessions may weaken the generalizability of the treatment to
conversation, trialing a single session allows for our main research question.
Research Questions
Based on the above rationale, the study is driven by the following research
questions:
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1. Do individuals with moderate-to-severe brain injury perform differently on the
speech entrainment task compared to individuals with mild traumatic brain
injury?
2. Does practicing speech rate alignment via SE influence speech rate
convergence during conversation?
3. Are perceptions of rapport influenced by the presence and/or absence of speech
rate convergence?
Hypotheses
1. Although the ability to converge speech rates may be impaired as a consequence of
TBI, it was hypothesized that this ability is not completely diminished. For this study,
the SE stimulus videos were presented at various speech rates. Based on Gordon et
al.'s (2015) finding of reduced speech rate convergence, it was predicted that
individuals with TBI will demonstrate a greater degree of entrainment for SE stimuli
that have slower speech rates than faster, more natural speech rates. Furthermore, it
was predicted that individuals with TBI will demonstrate overall reduced entrainment
of SE stimuli compared to the mild TBI participants.
2. It was hypothesized that a treatment intervention that involves real-time mimicking
of speech rate (e.g., SE) will generalize and lead to speech rate alignment during
conversation. Given that participants in the study engaged in one session of SE and
not the full protocol, it is unlikely that individuals with TBI will display increased
speech rate convergence during casual conversation. Therefore, it was hypothesized
that there would be no change in degree of speech rate convergence following the
abbreviated SE treatment protocol utilized in this study.
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3. Research has shown that lack of speech rate convergence during conversation can
be perceived as featuring less rapport between conversational partners compared to
conversations that feature speech rate convergence. Therefore, it was hypothesized
that, for conversations with speech rate convergence will be perceived to have a
higher level of rapport compared to conversations with non-convergence of speech
rate.
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Chapter 3: Methods
Study Design
This study used a pre- /post-treatment approach for the central question of
treatment effects on conversational rate convergence, which allowed each participant to
serve as their own control.
Participants
Participants with mild and moderate-to-severe TBI were recruited from the
greater Memphis area using social media, word of mouth, and through TBI support
groups. The moderate-to-severe TBI group included four participants (2 males, 2
females), all Caucasian with a mean age of 37.3 years (range = 21–46, SD = 12.1; see
Table 1). Participants in the moderate-to-severe TBI group, from here on referred to as
“TBI group,” met the following criteria: (a) 18-65 years old; (b) no reported history of
substance abuse or psychiatric illness; (c) no significant visual acuity or visual perceptual
deficits; (d) no significant hearing loss; (e) at least 6 months post-injury; (f) an aphasia
quotient from the Western Aphasia Battery-Revised, Bedside (Kertesz, 1982) above 93;
(g) no significant motor speech disorder as determined by either a speech-language
pathologist or graduate clinician; (h) Glasgow Coma Scale (GCS) rating of < 13 in first
24 hours; (i) post-traumatic amnesia >1 day; and (j) loss of consciousness > 30 minutes
(see Table 2). Results from structural imaging (e.g., CT, MRI) were not available for the
individuals with moderate-to-severe TBI at the time of write-up. Three participants in the
TBI group provided their own conversational partner, and one participant was unable to
find a conversational partner and was, therefore, provided with a conversational partner
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of the same gender, similar age, and was blind to the participant group and hypotheses of
the study.
The mild TBI group, from here on referred to as “mTBI group,” included four
participants (2 males, 2 females), with a mean age of 28.8 years (range = 26–35, SD =
4.19; see Table 3). The age difference between the mTBI group (M = 28.8) and TBI
group (M = 37.3) was not statistically significant, t(6) = 1.32, p > 0.1. Individuals in the
mTBI group identified themselves having the following ethnicities: 2 Caucasian, 1
Asian/Pacific Islander, and 1 mixed (Asian/Pacific Islander and Caucasian).
The mTBI group met the following criteria: (a) 18-65 years old; (b) no reported
history of substance abuse or psychiatric illness; (c) no significant visual acuity or visual
perceptual deficits; (d) no significant hearing loss; (e) at least 6 months post-injury; (f) an
aphasia quotient from the Western Aphasia Battery-Revised, Bedside (Kertesz, 1982)
above 93; (g) no significant motor speech disorder as determined by either a speechlanguage pathologist or graduate clinician; (h) post-traumatic amnesia < 24 hrs; and (i)
loss of consciousness < 30 min (see Table 4).
Typically, a Glasgow Coma Scale score of 13-15 would be a criterion for the
designating participants as having mTBI. However, no participants in the mTBI group
reported having been seen by a medical professional immediately following their injury;
therefore, immediate post-injury GCS scores were not obtained. This is to be expected as
it is believed that at least 25% of mTBI sufferers do not seek out medical assistance after
their injury (Cassidy et al., 2004). All mTBI participants eventually sought out medical
treatment once they began experiencing cognitive deficits after the injury, and each mTBI
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Table 1
Demographic Information for Participants in moderate-to-severe TBI Group.
Education
Age
Part Gender
Chronicity
Etiology
(years)
(years)

GCS

RA*

PTA*

LOC*

1

M

16

46

3 years

MVC, Restrained

8

None

2 months

Unknown
amount of
time

2

M

14

21

10 months

MVC, Unrestrained

11

30 mins

2 months

1 day

3

F

16

47

18 years

MVC, Restrained

n/a

None

5 weeks

2 days

No memory of
1 week
3 hrs
accident
Note. Part, participant, GCS, Glasgow Coma Scale; RA, duration of retrograde amnesia; PTA, duration of post-traumatic amnesia;
LOC: loss of consciousness; M, male; F, female; MVC, motor vehicle crash; n/a, not available. * Information obtained through selfreport.
4

F

16

35

6 months

MVC, Unrestrained

12

n/a

Table 2
Neuropsychological Measure and Self-Report Information for Participants in moderate-to-severe TBI Group.
WAB-R Bedside
Participant

TMT
A (seconds)

WAIS-IV PSI

LCQ

IOS

B (seconds)

Symbol Search

Coding

Self

Other

Self

CP

1

97.5

50

144

16

50

65

60

4

4

2

98.3

19

51

38

69

60

62

3

4

3

100

26

43

35

86

55

53

4

4

4†
99.2
29
86
31
81
66
38
1
1
Note. WAB-R, Western Aphasia Battery-Revised; TMT, Trail Making Test; WAIS, Wechsler Adult Intelligence Scale; PSI,
Processing Speed Index; LCQ, LaTrobe Communication Questionnaire; IOS, Inclusion of Others in Self Scale; CP, conversational
partner. Scores for the TMT were compared to age and education norms from Tombaugh (2003). †Stranger dyad; Italic scores indicate
a deficit.
Table 3
Demographic Information for Participants in mTBI Group
Participant

Gender

Education (years)

Age (years)

Chronicity

1

F

16

26

1 year

2

F

16

27

3

M

12

27

Etiology

RA*

PTA*

LOC*

Fall from bull

None

None

<1 min

7 years

MVC, Restrained

None

None

<10 sec

11 years

Fall from moving vehicle

None

2 hours

None

4
M
14
35
12 years
Blast injury
None
None
<1 min
RA, duration of retrograde amnesia; PTA, duration of post-traumatic amnesia; LOS: loss of consciousness; M, male; F, female; MVC,
motor vehicle crash. * Information obtained through self-report.
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Table 4
Neuropsychological Measure and Self-Report Information for Participants in mTBI Group
WAB-R Bedside
Participant

TMT
A (seconds)

WAIS-IV PSI

LCQ

IOS

B (seconds)

Symbol Search

Coding

Self

Other

Self

CP

1

97.5

24

35

44

85

69

43

6

6

2

98.3

15

30

46

86

78

54

5

6

3†

100

19

33

36

95

61

46

1

1

4
99.2
14
50
36
66
57
48
3
3
WAB-R, Western Aphasia Battery, Revised; TMT, Trail Making Test; WAIS, Wechsler Adult Intelligence Scale; PSI, Processing
Speed Index; LCQ, La Trobe Communication Questionnaire, IOS, Inclusion of Others in Self Scale; CP, conversational partner.
†
stranger dyad; Scores for the TMT were compared to age and education norms from Tombaugh (2003). Italic scores indicate a
deficit.
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was confirmed by a medical doctor, per self-report. Medical records were not available at
the time of write-up.
Three participants in the mTBI group provided their own conversational partner,
but (as with the moderate-to-severe TBI group) one participant was unable to find a
conversational partner and was, therefore, provided with a conversational partner of the
same gender, similar age, and was blind to the participant group and hypotheses of the
study. This “stranger” conversational partner was separate from the conversational
partner provided to the moderate-to-severe TBI participant.
Questionnaires and Assessments
Each participant provided informed consent for participation as approved by the
University of Memphis Institutional Review Board. All participants underwent testing of
vision, hearing, speech, language, and cognition followed by self-report measures of
communication skills and degree of closeness to their communication partner, as
described below.
Vision screening. Visual acuity was screened using a Snellen Eye Chart to ensure
all participants could see the computer screen and their conversational partner.
Participants were placed approximately 20 feet from the eye chart as marked by tape
placed on the floor to ensure a consistent measurement across participants. Participants
were instructed to read the letters on each line aloud, starting from the top and working
their way down to the bottom. Participants were allowed to wear corrective lenses if they
had them.
If a participant stated a letter incorrectly, they were asked to try again. If the
participant stated the wrong letter a second time, the vision screening was ended and the
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corresponding line on the eye chart was marked as incorrect. All lines below the last line
administered were also marked as incorrect. If the percentage of lines produced correctly
was greater than 50%, the participant passed the vision screening. All participants,
regardless of severity, passed the vision screening.
Hearing screening. The hearing screening was conducted using a portable
audiometer, set on the pulse setting. Tones were administered to the right and left ears at
25 dB HL at the following frequencies: 1000 Hz, 2000 Hz, and 4000 Hz. Participants
were instructed to raise the corresponding hand when they perceived a tone in each ear
(e.g., raise right hand when a sound was presented to the right ear). A participant was
marked as “pass” at each frequency if they demonstrated two solid (non-false positive)
responses for each tone. All participants demonstrated hearing for all three frequencies in
at least one ear, which was considered acceptable for this study.
Bedside Western Aphasia Battery—Revised (WAB-R). The Bedside WAB-R
is an assessment for determining the linguistic function of patients with dementia, stroke,
or other acquired neurological disorders (Kertesz, 2006). It was adapted from the WAB
to provide a quicker method of obtaining measurements of baseline linguistic function
under time constraints. It consists of nine sections assessing different linguistic abilities.
Those abilities are spontaneous speech content, spontaneous speech fluency, auditory
verbal comprehension of yes/no questions, sequential commands, repetition, object
naming, reading, writing, and apraxia. Scores for each section are easily and quickly
calculated and compared to norm referenced samples to 1) detect the presence, severity,
and type of aphasia; 2) measure change in language function across multiple
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administrations; 3) guide treatment through determination of communication assets and
deficits, and 4) infer lesion location and the etiology of aphasia.
Motor speech disorders screening. To screen for the presence of motor speech
disorders, which can impact speech rate during conversation, participants read aloud
“The Caterpillar” passage (Patel et al., 2013). This passage was designed with prosodic
contrasts and words of increasing length and complexity, which allows for diagnosing,
characterizing, and differentiating between motor speech disorders. A licensed
speech-language pathologist reviewed each participant’s production of the passage to
determine the presence or absence of a motor speech disorder.
Trail Making Tests (TMT). The Trail Making Test (TMT) is a
neuropsychological test of scanning, visual search, speed of processing, mental
flexibility, and executive function (Tombaugh, 2004). The TMT includes a part A and B.
Trail A consists of 25 numbered circles distributed over a sheet of paper and Trail B
consists of 25 numbered and lettered circles distributed over a sheet of paper. In Trails A
individuals draw lines to connect the numbers in ascending order from 1-25. In Trails B
individuals draw lines to connect circles in ascending order while alternating between
numbers and letters (1, A, 2, B, 3, C, etc.). Participants are instructed to connect the
circles as quickly as possible without lifting the pen from the paper. If a participant
makes an error, the examiner immediately points out the error, allowing the participant to
fix it. The test was scored for time in seconds required to complete the task. Errors were
indirectly scored in that the time taken to correct them were included in the task
completion time.
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Wechsler Adult Intelligence Scale—Fourth Edition (WAIS-IV). The
WAIS-IV is a clinical instrument designed to measure the cognitive ability of adolescents
and adults (Wechsler, 2008). It consists of 15 subtests measuring verbal comprehension,
perceptual reasoning, working memory, and processing speed. For this study two
subtests, symbol search and coding, were administered to participants. The Symbol
search subtest is a measurement of visual processing speed. Participants scan lines of
symbols and match them with symbols in a target group. There is a 120 s time limit on
the subtest’s administration. The coding subtest is also a measurement of visual
processing speed. The participants were provided with a key where the numbers 1-9 are
each paired with a symbol as well as several rows of numbers. Using the key, participants
wrote the corresponding symbol below each number. Participants had 120 s to complete
as many items as possible.
La Trobe Communication Questionnaire (LCQ). The LCQ is a 30-item
questionnaire designed to measure perceived communication in adults with TBI
(Douglas, O'Flaherty, & Snow, 2000). Participants and their communication partners
were asked to respond to questions by rating them on a modified Likert scale never (1) to
usually or always (4). The questions are structured so that answers for each can be
expressed in terms of frequency (e.g., “[How often do you] speak too slowly, leave out
important details, give people information that is not correct,” etc.). All responses are
summed together to yield a total score range of 30-120. High scores are consistent with a
perception of frequent difficulties.
Inclusion of Other in Self Scale (IOS). The IOS is a single item scale designed
to measure how close respondents feel with another person or group (Aron et al., 1992).
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Both participants and their conversational partners chose a pair of circles from seven with
different degrees of overlap, no overlap (1) to most overlap (7), to describe their
perceived degree of closeness with the other party.
Speech Entrainment Stimuli
AV stimuli for the SE task consisted of 12 scripted narratives read aloud by a
female speaker and were video recorded with the frame capturing the speaker’s nose and
mouth only (Fridriksson et al., 2012, 2015). These AV stimuli were previously developed
by Thors (2019) for use with speech entrainment therapy and were provided by
Fridriksson3 for use in the current study. Each script varied in length between 48–58
words and took an average speaker approximately 1 min to read aloud, using a
comfortable and consistent speech rate. The content of the scripts was controlled for
number of words, word class, and word frequency as determined by CELEX (see
Appendix A for scripts; Baayen et al., 1993).
Because speech rate varies within a conversation, it was of interest to vary the
speech rate of the AV stimuli varied to replicate natural variability in interaction. AV
stimuli were manipulated using Adobe Premiere Pro such that four stimuli were kept at
the original speech rate of approximately 2 syllables/s (average syllable rate = 1.8
syllables/s, SD = 0.1; average video duration = 50.25 s), four videos were increased to a
speech rate of approximately 3.5 syllables/s (average syllable rate = 3.6 syllables/s, SD =
0.5; average duration = 26.5 s), and four videos were increased to a speech rate of
approximately 5 syllable/s (average syllable rate = 5.4 syllables/s, SD = 0.41; average
duration = 18.25 s) The video manipulation did not distort the image of the speech model.

3

Thank you to Dr. Julius Fridriksson for permission to use the audio-visual stimuli in this study.
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Pitch correction was applied to keep vocal fundamental frequency at the original pitch
levels. The rate remained the same for each presentation of the same stimulus video.
There were a total of 12 AV stimuli, and each SE session lasted 30 mins. It was estimated
that if all videos were presented at their original speech rate and duration of
approximately 1 min, participants would have been presented with 12 AV stimuli in 45
minutes. Therefore, only 12 AV stimuli were presented to participants for this study to
ensure equal presentations of all speech rates.
Protocol
To evaluate generalization from the SE task to spontaneous speech, participants
engaged in a conversation before and after the speech entrainment task. For both
conversations, participants and their conversational partners were audio and video
recorded as they engaged in a 10-minute conversation on a topic of their choosing. After
the initial conversation, the conversational partner left the room to fill out the La Trobe
Communication Questionnaire and the Inclusion of Others scale. During this time,
participants completed cognitive measures of processing speed and then engaged in the
SE task.
For the SE task, participants were seated at a laptop, provided with headphones,
and recorded using a headset microphone. Twelve stimulus videos were presented in a
randomized order using Qualtrics software, Version July 2021 (Qualtrics, Provo, UT). At
the beginning of the SE task, the experimenter modeled the way participants should
imitate the audiovisual (AV) speech model featured in the stimulus video. Once
participants understood the approach, as per judgment of the experimenter and verbal
indication by participants, the experimenter presented the first stimulus video.
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Participants were presented with the AV stimulus four times (see Figure 1). On
the first pass of the AV stimulus, participants observed and listened to each narrative in
its entirety without mimicking. The script was provided below the video to aid in
comprehension of the AV model (see Figure 2). For subsequent presentations, the video
was placed into full screen mode by the experimenter, which removed the script from
view, and participants mimicked the narrative aloud in real-time without the aid of the
script. Once a given AV stimulus was presented four times, a new AV model was
randomly selected, presented once, and then practiced three times.
After the SE task was completed, the experimenter informed the participants and
their conversational partner that “the audio and video data from the first conversation
were accidentally lost and that the conversation would need to be recorded again.” This
deception was intended to prevent participants from guessing the purpose of the study
regarding the therapeutic intervention. Following the completion of the second
conversation, participants were debriefed to the purpose of the study and the deception.

Figure 1. Protocol for Presentation of Each SE Stimulus. There were 12 AV stimuli that
varied in speech rate (four stimuli at c. 2 syllables/s, four stimuli at c. 3.5 syllables/s, and
four stimuli after c. 5 syllables/s) and subsequently duration.
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Figure 2. Example of SE Presentation. On the first presentation of each stimulus,
participants were presented with the directions, an AV model, and a script. For
subsequent presentations, the video was presented in full screen mode so that the
transcript was no longer visible
Blind Rater Assessment of Conversations
To determine how the presence or absence of speech rate convergence impacted
perceptions of rapport, three raters blind to participant groups and hypotheses of the study
listened to the last minute of all 16 conversations (8 dyads × 2 conversations). One
minute was chosen for the ratings as research has demonstrated that ratings of short
segments of behavior can be predictive of those for longer segments (e.g., see Ambady
and Rosenthal, 1992). Further, the last minute of conversation was chosen as it was felt
that any changes in behavior would be the most stable at this time point.
Raters answered the following questions on a 5-point rating scale: Did the
participants become more similar to each other over the course of the interaction in
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terms of the amount each was contributing to the conversation? If so, how much more
similar? How natural did the conversation seem?
The following question was answered on a 7-point rating scale: Overall, how
would you rate the interaction? For all items, higher scores were indicative of a greater
perception of the variable (e.g., more similar, more natural, and a more favorable
interaction). The ratings for each conversation were averaged across the three raters for
each item.
Consistency among the four items as a measure of rapport was low (Cronbach’s α
= .59). A closer analysis revealed that the question “Did the participants become more
similar?” was negatively correlated with the other three questions (r range = -.86 to -.93,
p < .001. Therefore, this rapport item was removed from analyses. Since the second
rapport item, “If so, how much more similar?” was linked with the first item, it was also
removed from the analyses.
A second reliability analysis was conducted and only included the rapport items
concerning degree of naturalness and overall impression of the conversation. Consistency
for these two items was high (Cronbach’s α = .92); therefore, only degree of naturalness
and overall perceptions of conversation items were used for the rapport construct.
Conversational Samples
Each conversation was audio and video recorded. The first three minutes and last
three minutes of each conversation were transcribed verbatim using PRAAT (Boersma &
Weenink, 2018). Speech run segments were delimited when a speaker paused, or stopped
speaking, for 200 ms or more (Levinson, 2000), or if another speaker began talking. In
instances where two individuals spoke simultaneously, each speaker’s utterance was
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counted as a run segment. Speech run segments were demarcated to define pause units
for removal from articulatory calculation.
Coders manually counted words and syllables (see Figure 3), which included false
starts (e.g., Tues-, Tuesday), fillers (e.g., um, uh), and backchannel responses (e.g., mhm,
uhuh). Syllables were identified by visual inspection of spectrograms counting the
number of vowel nuclei that define the rhythm of the word. Speech rate in syllables per
second was calculated by dividing the total number of syllables by the total sample
duration and multiplied by 60.

Figure 3. Example of Transcription with Word and Syllable Codes in PRAAT. Line 1
features transcription of conversational partner (CP), Line 2 features the CP word count,
Line 3 features CP syllable count, Line 4 features transcription of subject, Line 5 features
subject word count, and Line 6 features subject syllable count.
Speech Rate Convergence
Gordon et al. (2015) measured speech rate using words and words per turn.
However, as reviewed in the literature section, words may not provide an exact
measurement of speech rate in comparison to syllables. Therefore, to provide a more
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accurate measurement of speech rate, a goal of this study was to extend previous research
by including syllables in the analyses,
Speech rate convergence was calculated by comparing the frequency of syllables
produced in the beginning of the conversation versus the end of the conversation using
methodology previously established in the literature (e.g., Gordon et al., 2015). To
accomplish this, each conversation was divided up into 60 s segments with respect to
speech run boundaries. For each 60 s segment, the percentage difference between the
participant and conversational partner’s number of syllables was calculated, corrected for
length of the segment, and averaged over the first 3 mins (first quarter) and the last 3
mins (last quarter) of the conversation (see Figure 4).

Figure 4. Visual Representation of Data Set Up for Convergence Analysis. % diff,
percent difference
Following previous work (Gordon et al., 2014; Gordon et al., 2015) , a
convergence score was derived to measure relative change in productions across each
conversation. The average percent difference in productions at the beginning of the
conversation was subtracted from the average percent difference at the end of the
conversation. That value was then divided by the average percent difference at the
beginning of the conversation (see Figure 5). For example, if the participant used an
average of 25% more syllables at the beginning of the conversation and an average of
10% more syllables at the end of the conversation, the convergence score would be:
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(10% − 25%) / 25% = −0.6 . Conversational partners who become more similar in
their productions had a convergence score between 0 and -1. Partners who do not become
more similar in their productions had a convergence score of greater than or equal to 0 or
less than -1.

Figure 5. Visual Representation of Convergence Analysis. The gray box represents the
average percent difference between participant and conversational partner for the last 3
minutes of the conversation. The blue boxes represent the average percent difference
between participant and conversational partner for the first 3 minutes of the conversation.
Values less than 0 but greater than or equal to -1 are indicative of speech rate
convergence. Values greater than or equal to 0 or less than -1 demonstrate a lack of
speech rate convergence.
Audio File Preparation
Stimuli and participant audio files for the SE task were prepared for
cross-correlation analysis, modifying a method described by Tilsen and Johnson (2008).
First, a second-order Butterworth filter with a passband of 300-900 Hz was applied to
filter out noise (e.g., obstruent and environmental) and highlight vocalic energy
consistent with Stevens’ Landmark theory (Howitt, 2000; Stevens, 2002). This 300-900
Hz range falls just above and below the minimum and maximum first formant (F1)
frequency for all participants in this study. Research has shown F1 frequency is a reliable
acoustic correlate of jaw opening (e.g., Erickson, Suemitsu, Shibuya, & Tiede, 2012),
which is linked to syllabic productions. Therefore, it is important to highlight this specific
band of frequencies for entrainment analyses.
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Next, a zero-phase filter was applied to the original signal followed by a low pass
filter using a fourth-order Butterworth filter to extract the energy envelope. This signal
was down-sampled to 80 Hz and, departing from the Tilsen & Johnson method which
requires a positive-valued and windowed signal for spectral analysis, here the mean was
subtracted, and no windowing applied so that the signal would be suitable for timedomain analysis. These energy contours were then submitted to cross-correlation
analyses described in the following section.
Entrainment Analysis
A cross-correlation was conducted to assess the degree of synchrony between
each auditory stimulus during SE and participants’ final production of each stimulus. For
this technique, a correlation coefficient was computed to assess how well one time series
predicts the values in the other time series. The series is then shifted, and the process is
repeated. The lag refers to how far the series are offset, and its sign determines which
series was shifted. For this analysis, lag step size was set at 100 ms. Note that as the lag
increased, the number of potential matches, or observations, decreased because the end
points of the series no longer overlap with the other series and, therefore, cannot be
included in the analysis.
The value of the lag at the highest correlation coefficient, or r, represents the best
fit between both time series. The formula
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was used to determine whether the

coefficients were significant, that is whether the maximum coefficients occurred above
chance (Minitab, 2019). For the formula, the numerator is set at the standard deviation of
choice. For this study, two standard deviations were selected as it represents 95% of the
population. In the denominator, n is the number of observations, and k is set at the value
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of the lag at the highest correlation coefficient. This formula was computed at each lag to
determine the threshold for the corresponding coefficient. If the absolute value of r was
greater than the significance threshold, this was an indication that the participant
successfully entrained with the AV stimuli. These significance threshold values were then
plotted on top of the cross-correlation function. It is important to note that as the lag
increased, the number of observations decreased and the threshold for significance
increased as a result (see Figure 6).
Finally, the maximal cross-correlation coefficients for each stimulus, whatever the
lag, were transformed using Fisher Z-transformation to ensure normal distribution. See
Appendix B for lags at which these maximum coefficients occurred. This transformed r
was used for all statistical analyses.

Figure 6. Stem Plot Visualization of Example Cross Correlation Function with
Significant Threshold. CCF, Cross-correlation function. The horizontal line indicates the
threshold for significance. Here, values above the line are greater than 2 SD of the mean
and, therefore, considered significant. The threshold line increases as the lag moves away
from 0 as there are fewer observations overlapping.
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Statistical Analyses
This study used a pre-treatment/post-treatment design where participants’ baseline
speech rate convergence during conversation was obtained prior to engaging in the
speech entrainment (SE) task. Next, participants and their conversational partners
engaged in a second conversation to assess potential changes in speech rate convergence
following SE.
Comparison of group differences in speech entrainment for each syllable rate was
carried out using a 2 (Syllable Rate) × 2 (Group) analysis of variance in which syllable
rate was a within-subject variable. With 32 cases, the error df were 30. The fast rate was
dropped from analyses for reasons described in more detail below. The transformed r
served as the dependent variable. A repeated measure analysis was selected due to the
multiple test conditions of the same participants.
Comparison of number of words and number of syllables between groups and
conversational partners was conducted by independent samples t-test. With 16 cases, the
error df were 14 for this analysis. Comparison of participants word and syllable
productions was conducted by a paired samples t-test. With 16 cases, the error df were 15
for this analysis. For speech rate convergence, a Wilcoxon signed-rank test was
conducted to assess differences in speech rate convergence in the pre- and post- treatment
conversations as the data did not meet assumptions for a t-test. A Pearson’s correlation
was conducted to assess the relation between degree of entrainment for the slow rate
stimuli and speech rate convergence scores.
A paired-samples t-test was conducted to determine if there were changes in
perceptions of rapport across conversations, regardless of group. Next, a Pearson’s
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correlation was conducted to assess the relation between perceptions of rapport and
convergence scores for each conversation. Finally, a Wilcoxon signed-rank test was
conducted to assess whether there was a difference in perceptions of naturalness and
perception of the overall interaction based on the presence/absence of rapport.
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Chapter 4: Results
Speech Entrainment
First, an inspection of the data revealed that for the fast presentation stimuli (c. 5
syllables/s), only approximately 15% of the transformed cross correlation values
surpassed the significance threshold (see Table 5), whereas 59% of the medium rate (c.
3.5 syllable/s) and 100% of the slow rate (c. 2 syllables/s) transformed values met or
exceeded the significance threshold. Therefore, only the entrainment data for slow and
medium rate trials were included in further analyses to avoid a floor effect. A full table of
transformed cross correlation values and their lag-adjusted significance thresholds can be
found in Appendix B.
Table 5
Number of Trials Per Presentation Rate that Reached Significance Threshold
Group
Slow Rate

Medium Rate

Fast Rate

Yes

No

TBI

16

0

mTBI

16

0

Total

32

0

TBI

12

7

mTBI

7

8

Total

19

13

TBI

1

15

mTBI

4

12

Total
5
Note. N = 32 for each rate (4 trials per participant x 8 participants).
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Overall, all participants demonstrated a greater degree of entrainment to AV
stimuli that were presented at a slow rate (M = .20, SD = .02) compared to stimuli at a
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medium rate (M = .05, SD = .01), F(1, 30) = 47.22, p < .001, η2p = .60. Additionally,
analysis indicated that degree of entrainment also varied depending on group. Individuals
in the mTBI group demonstrated a greater degree of entrainment overall (M = .17, SD =
.02) compared to the TBI group (M = .09, SD = .02), F(1,30) = 6.52, p = .02, η2p = .18.
Finally, analyses indicated a Group × Rate interaction, F(1,30) = 4.74, p = .04, η2p
= .14. As seen in Figure 7, this interaction was ordinal, with the mTBI group
demonstrating a greater difference in entrainment to the slow rate stimuli (M = .27, SD =
.04) compared to the TBI group (M = .14, SD = .04). Furthermore, the mTBI group also
demonstrated greater entrainment to the medium rate compared to the TBI group (mTBI:
M = .07, SD = .05; TBI: M = .03, SD = .01).

Figure 7. Differences in Degree of Entrainment to Presentation Speech Rate Between
Participant Groups. Transformed CC, Fisher Z cross-correlation coefficient; AV, audiovisual stimuli; mTBI = mild traumatic brain injury; TBI = traumatic brain injury; Error
bars are +/- 1 standard error.
Speech Rate Convergence
Previous studies have investigated speech rate convergence by comparing the
number of words (e.g., Gordon et al. 2015). However, syllables may provide a more
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consistent measurement. In our study, the first three minutes and last three minutes were
transcribed verbatim and coded for number of words and syllables. Across all
conversations, a total of 10,062 words were produced within these selected intervals with
no significant difference between number of words produced by the mTBI group (M =
615.3, SD = 168.5) and the TBI group (M = 642.5, SD = 181.9), t(14) = -0.31, p > .6.
Conversational partners produced a total of 8,415 words with no significant difference
between number of words produced by the partners of the mTBI group (M = 559.0, SD =
245.0) and partners of the TBI group (M = 492.8, SD = 373.9), t(14) = 0.42, p = .08.
Additionally, there was no statistically significant difference by average number of words
produced by participants (M = 628.88, SD = 169.96) and average number of words
produced by partners, (M = 525.94, SD = 307.28), t(15) = 0.91, p >. 3.
Across all conversations, a total of 12,309 syllables were produced within the
selected intervals with no significant difference between average number of syllables
produced by the mTBI group (M = 754.9, SD = 197.2) and the TBI group (M = 783.8, SD
= 236.7), t(14) = -0.31, p = .8. Partners produced a total of 10,433 syllables with no
significant difference between the average number of syllables produced by the partners
of the mTBI group (M = 700.5, SD = 312.556) and partners of the TBI group (M =
603.63, SD = 458.1), t(14) = .49, p = .63. Additionally, there was no statistically
significant difference by average number of syllables produced by participants (M =
769.3, SD = 211.0) and average number of syllables produced by partners, (M = 652.1,
SD = 382.2), t(15) = .82, p > .4. Note that because this is a group level analysis, it does
not imply that conversational partners always produced identical number of syllables
within conversations.
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Analyses found no statistically significant difference between the average speech
rate of individuals with moderate-to-severe TBI (M = 2.23, SD = 0.74) and individuals
with mild TBI (M = 2.11, SD = 0.62), t(14) = -0.33, p > .1. Additionally, a paired samples
t-test found no statistically significant difference between the average speech rate of all
individuals with TBI (M = 2.16, SD = 0.66) and the average speech rate of their
communication partners (M = 1.84 SD = 1.03), t(15) = .82, p > .1.
A Wilcoxon signed-rank test indicated that differences in convergence scores
from the first (Md = -2.1) and second conversation (Md = -0.2) were not statistically
significant, z = -0.42, p > .6. As can be seen in Table 6, 50% of conversations
demonstrated convergence (see also Figure 8).
Two out of the four participants in the TBI group demonstrated speech rate
convergence during the first conversation. However, only one participant (participant 4 in
the moderate-to-severe TBI group) demonstrated continued convergence from the first to
the second conversation. In the mTBI group, two participants demonstrated continued
speech rate convergence from the first conversation to the second conversation. However,
no consistent treatment-related patterns were observed.
Finally, a Pearson’s correlation was conducted to assess the relation between
degree of entrainment for the slow rate stimuli, as participants demonstrated the greatest
degree of entrainment to these stimuli, and speech rate convergence scores. Analyses no
statistically significant association between entrainment and degree of speech rate
convergence for both participant groups, all p’s > .6.
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Table 6
Convergence Scores Separated by Group and Conversation
Conversation
Group
TBI

mTBI

Participant

1

2

1

-0.20*

-0.68*

2

-11.10

-5.48

3

-0.09*

26.79

4†

0.75

-0.72*

1

-0.90*

-0.57*

2

-2.79

-20.83

3†

-0.16*

-0.31*

4
-1.78
0.44
Note. stranger dyad; * convergence demonstrated; Scores in bold indicate a change from
non-convergence to convergence following speech entrainment.
†

Figure 8. Occurrence of Speech Rate Convergence in Single Participant. CP,
conversational partner; Conv, conversation; Part, participant; 1 = first conversation, 2 =
second conversation. Participant 4 in TBI group demonstrated a change in degree of
speech rate convergence across conversations, moving from non-convergence in
conversation 1 to convergence in conversation 2.
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Ratings of Rapport
A paired samples t-test was conducted to determine whether there were changes
in perceptions of rapport across conversations, regardless of group. Analyses found no
statistically significant difference between individual rapport items (i.e., degree of
naturalness and overall perception) for the first conversation and second conversation, all
p’s > .2.
Next, a Pearson’s correlation was conducted to assess the relation between
perceptions of rapport and convergence scores for each conversation. Analyses failed to
find a statistically significant relation between individuals rapport items and convergence
scores for both participant groups, all p’s > .2.
Finally, given that 50% of conversations demonstrated convergence, scores for
individual rapport items were separated by presence of convergence versus nonconvergence. A Wilcoxon signed-rank test indicated a statistically significant difference
in perceptions of naturalness, and perception of the overall interaction, based on the
presence/absence of rapport. For these items, a higher score was indicative of a greater
degree of naturalness and more favorable interaction, respectively. Raters viewed
conversations with non-convergence of speech rate as more natural (Md = 3.7) than
conversations that feature speech rate convergence (Md = 2.5), z = -2.41, p = .02, r = .61,
which is opposite of previously established literature (e.g., Gordon et al., 2015). The
same pattern was observed for perceptions of overall interaction, such that raters viewed
conversations with non-convergence of speech rates as more favorable (Md = 5.9)
compared to conversations with speech rate convergence (Md = 5.0), z = -2.38, p = .02, r
= .59.
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Chapter 5: Discussion
This study investigated whether individuals with traumatic brain injury (TBI)
entrain their speech rate with audiovisual (AV) models presented at various speech rates
through a Speech Entrainment (SE) task. Analyses revealed that both the mTBI and TBI
groups demonstrated speech rate entrainment to stimuli presented at slow (c. 2
syllables/s) and medium (c. 3.5 syllables/s) speech rates. However, during the sessions it
was observed that the mTBI group appeared to entrain to a greater degree at these speech
rates compared to the TBI group suggesting differences in speech rate entrainment based
on severity of traumatic brain injury. This was verified through a repeated measures
ANOVA. These results reveal that individuals with moderate-to-severe TBI are capable
of entraining with a stimulus; however, their ability to entrain is decreased compared to
mild TBI.
Participants’ degree of speech rate convergence with their conversational partner
was measured before and after participants engaged in the SE task. Overall, completing
one session of SE did not appear to influence speech rate convergence during
conversation and this was confirmed by a Wilcoxon sign-rank test; however, this result is
unsurprising given that this study utilized an abbreviated version of SE as opposed to the
full protocol. Only one participant showed a shift from non-convergence to convergence
of syllables/s across conversations, but this could have been merely a chance occurrence.
Finally, raters blind to the hypotheses and participant groups provided ratings of
rapport for each conversation. Overall, raters reported that conversations featuring speech
rate convergence were less natural and less favorable than conversations with nonconvergence as verified by Wilcoxon signed-rank test.
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The following sections will provide interpretations of the results with
acknowledgements of their limitations. The discussion will conclude with implications
for future research.
Speech Entrainment
Individuals with TBI demonstrated entrainment toward AV stimuli presented at
slow and medium speech rates but to a lesser degree than individuals with mTBI. This
implies that the ability to vary speech rates following to a model is not absent following a
TBI but rather impaired. Further, it suggests that the severity of a TBI may play a role in
an affected individual’s ability to align speech rates. As this study did not include healthy
controls, a comparison of mTBI and TBI groups to a non-disordered population was not
possible. Therefore, it is unclear whether individuals in the mTBI group demonstrate
impaired speech rate entrainment as well. In hindsight, it may have been effective to have
the conversational partners of each participant perform the speech entrainment task,
which would allow a direct comparison of the experimental groups to a healthy control
group.
All participants entrained at a significant level to the AV stimuli presented at the
slow speech rate (c. 2 syllables/s), which is less than half the average speech rate.
However, only 19 out of 32 (59%) participants entrained to AV stimuli presented at a
medium speech rate (c. 3.5 syllables/s), which is near the average speech rate. Further,
the participants’ degree of entrainment was lower compared to the level of entrainment to
the slow speech rate. The increased degree of entrainment may be related to the slowed
rate itself. It may also be related to the longer intersyllable pauses in the slower rate,
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which allowed participants to predict what was coming next based on context or memory
of the script.
The decreased entrainment to the medium speech rate presentations could be due
to the artificial nature of the task, which requires participants to say exactly what the
model is saying at the same time. The participants would need to memorize the script to
facilitate the task, and this action may have cognitively overloaded or taxed processing
speed for some participants.
The differences in speech entrainment between groups is particularly interesting
when one considers that individuals with TBI and mTBI used a similar number of words
and syllables during conversation. Participants and their conversational partners also used
a similar number of words and syllables during conversation. This suggests that despite
similar conversational speech behaviors, individuals with moderate-to-severe TBI
demonstrate an underlying deficit in speech rate entrainment compared to individuals
with mTBI.
The ventromedial prefrontal cortex (vmPFC) has been linked to speech rate
convergence, that is the ability to make one’s speech rate more similar to another’s,
during conversation (Gordon et al., 2014; Gordon, Rigon, Covington, Voss, & Duff,
2019). Researchers found that, compared to healthy controls, individuals with vmPFC
demonstrated non-convergence of total number of words and words per turn across
conversations (Gordon et al., 2014). The right temporoparietal junction (rTPJ) has been
implicated in behaviors related to conversational synchrony, such as imitation and
mimicry (Sowden & Camtur, 2015; Spengler, von Cramon, & Brass, 2010). Gordon et al.
(2019) found higher resting state functional connectivity between the vmPFC and rTPJ in
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healthy individuals who demonstrated speech rate convergence compared to healthy
individuals who did not. Based on these studies, it is possible that individuals with
moderate-to-severe TBI in our study demonstrate greater damage to the vmPFC and/or
rTPJ compared to individuals with mTBI. This damage may lead to a decreased ability to
entrain speech rates with another’s speech rate. Future studies should correlate
neuroimaging with participants ability to entrain their speech rate.
Cross-correlations assume stationarity of the two signals being compared.
Unfortunately, this analysis misses temporal ebb/flow (time-varying) changes between
signals. The method we chose for this study compared both signals in their entirety.
However, it may be of interest to compare the signals at various windows of time, which
might help to determine whether the entrainment deficit was continuous or sporadic.
This study used the AV stimuli originally used by Fridrikkson et al. (2015) for
Speech Entrainment. Computer software was used to speed up the video so that it met the
experimental speech rates. One consequence of this method is that as the speed of the
video increased, the consonants and consonant-vowel transitions were altered to
durations and rates that a human would not normally produce. Participants anecdotally
reported that the AV model’s voice sounded “different” and “robotic.” One participant
stated that they felt they had to match pitch as well as cadence of the AV the female
stimulus, and as a result they felt “awkward.” It is unclear what effect the altered
consonant and consonant-vowel transitions may have played on participants’ ability to
entrain. Stimuli recorded at various speech rates, versus artificially manipulated videos,
may decrease perceived awkwardness of the task. Additionally, as participants reported
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they felt the need to match their pitch to the AV speech model during the SE task, it may
be appropriate to match the gender of the AV speech model to the participants.
Our study introduced an abbreviated version of SE with various speech rates. It is
possible the use of multiple speech rates, particularly the speech rates faster than the
original stimuli, introduced an added cognitive burden on the participants. However,
some participants demonstrated significant entrainment to at least one AV stimulus for
each speech rate. If SE were to be used clinically with individuals with TBI, clinicians
could assess the speech rate level in which the individual’s degree of entrainment
degrades. This would provide a range of speech rates an individual could practice or a
target rate for individuals to work toward.
Lastly, this study was conducted to determine the feasibility of speech rate
entrainment in the TBI population. Given that the data confirm this skill is diminished but
not absent, a more in-depth exploration of Speech Entrainment as a therapeutic intervention
for individuals with TBI is warranted. It is acknowledged that purposefully mimicking an
AV stimulus is not a direct comparison to conversational speech; however, it is possible
the act of alignment one’s speech with another, especially over a prolonged period, may
strengthen neuronal connections previously indicated in the alignment of behaviors (e.g.,
vmPFC, Gordon et al., 2014).
Speech Rate Convergence
Gordon et al. (2015) found that individuals with TBI are less likely to converge
speech rates, or number of words per minute, with their conversational partners compared
to non-disorder individuals. The use of words to determine speech rate may not be
appropriate units of measurement given that the length of words can vary widely (Carroll,

41

1966). On the other hand, syllables offer a more consistent unit of measure for calculating
speech rate. Therefore, this study serves as an extension of previous research calculating
speech rate convergence using syllables/minute.
Speech rate convergence scores did not significantly change between the first
conversation and second conversation, for both participant groups. This result is
unsurprising as the participants engaged in one 30-min session of SE compared to the full
protocol. Because this research was designed as a pilot study, we felt that having
participants participate in the full SE protocol, which can span from 45 mins/day for 3
weeks (Thors, 2019) to 30 mins/day for 6 weeks (Fridriksson et al., 2012, 2015), was
inappropriate considering that it was unclear whether individuals with TBI could entrain
speech rate to a stimulus. Further, research has shown that SE may work for some
individuals with aphasia but not others (Feenaughty et al., 2021). Therefore, participants
only engaged in one session of speech entrainment as a trial measure. Although, one
session was appropriate to show the feasibility of the SE task in a novel population, it
appears that it was not appropriate to assess changes in speech rate convergence.
Further, for this study participants engaged in speech entrainment for 30 minutes
versus the most recent use of 45 minutes (Thors, 2019). It is possible that the discrepancy
in time per session contributed to the lack of change in speech rate convergence from the
first and second conversation. However, it was estimated that if all videos were presented
at their original speech rate and duration of approximately 1 minute, participants would
have been presented with 12 stimuli videos in 45 minutes.
Overall, only one participant demonstrated non-convergence prior to engaging in
the SE and then demonstrated convergence of speech rate following the SE task.
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However, the cause of even this change in degree of convergence is questionable given
that the participant and conversational partner were strangers. For established
conversational partners (e.g., parent-child, friends, romantic partners), the interlocutors
have an established rapport with one another. However, with stranger dyads rapport has
not been previously established. Therefore, it could be argued that changes in degree of
convergence from the first conversation to the second conversation are, in part, related to
developing rapport and not solely caused by the speech entrainment task. Furthermore,
this difference in familiarity between conversational partners introduced an additional
variable, which limited the interpretation of our results for speech rate convergence.
Future studies should investigate whether degree of familiarity for conversational
partners impacts speech rate convergence in individuals with TBI.
Ratings of Rapport
Disregarding whether the conversations were pre- versus post-intervention,
speech rate convergence was found in 50% of conversations across both groups. Raters
perceived conversations without speech rate convergence as more natural and more
favorable compared to conversations with speech rate convergence. This finding is in
stark contrast with previous research that argues speech rate convergence is linked with
perceptions of rapport (e.g., Gordon et al., 2015).
One interpretation for the result is that conversations with speech rate
convergence, which featured interlocutors with similar speech rates, may offer more
back-and-forth conversation with overlapping and interrupting speech. In the context of
one minute, this can be perceived as competing for the floor and, therefore, less natural
and less favorable. On the other hand, conversations with nonspeech rate convergence,
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which feature one interlocutor with a higher speech rate than the other, may involve more
monologuing by one interlocutor and supportive backchannel responses (e.g., mhm and
uhuh) by the listener. This may be perceived as more supportive as the backchannel
responses reinforce the speaker’s monologue. Overall, these are simply speculations, and
further investigation is needed to assess contextual factors at play during the conversation
that may affect judgments of rapport.
Raters were presented the last minute of each conversation to assess. It would be
of interested to compare ratings of rapport for the last minute of the first conversation and
the first minute of the second conversation to each other, as these minutes bookend the
speech entrainment task. Therefore, ratings of rapport at these times may be more
appropriate.
Our study did vary from Gordon et al. (2015) for ratings of rapport in that their
study had raters watch all 10 minutes of the conversation, whereas our study only
presented 1 minute to the raters. Our raters’ ability to detect rapport may have been
limited given they were only presented with the last minute of each conversation. One
minute was chosen for the ratings as research has shown that ratings of short segments of
behavior are predictive of that found when observing longer sequences (e.g., see Ambady
and Rosenthal, 1992). Further, the last minute of conversation was chosen as it was felt
that any changes in behavior would be the most stable at this time point. However, this
choice may have prevented raters from detecting the development of or subtle changes in
rapport that occurred across the 10-minute span of each conversation, especially as
speech rate convergence develops over the course of a conversation.
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Finally, it is possible that the questions chosen to measure rapport were
inappropriate and did not have construct validity. Validated rapport items should be
included in future studies. Further, inclusion of trained raters or speech-language
pathologists as raters may allow for more consistent ratings.
Conclusion
This study adapted a therapeutic intervention previously established for use with
individuals with non-fluent aphasia and explored its applicability with a novel population,
individuals with traumatic brain injury. During the speech entrainment (SE) task, the mild
TBI (mTBI) group demonstrated greater entrainment to slow and medium speech rates
compared to the moderate-to-severe TBI (TBI) group; however, both groups entrained to
a significant degree. These results reveal that individuals with moderate-to-severe TBI
are capable of entraining with a stimulus; however, their ability to entrain is decreased
compared to mTBI.
As this was a pilot study, participants underwent only one 30-minute session of
SE compared to the full protocol, which involves 45-minute sessions over 3 weeks, 5
days/week. Despite some indications of successful speech rate entrainment at slow and
medium rates for both groups, speech rate convergence did not appear to generalize to
spontaneous conversation. However, this result is unsurprising given that this study used
an abbreviated version of the SE intervention. Further study is warranted to determine if
engaging in the full SE protocol is effective at improving speech rate convergence.
Finally, raters perceived conversations without speech rate convergence as more
natural and more favorable compared to conversations with speech rate convergence,
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which is in stark contrast with previous research that argues speech rate convergence is
linked with perceptions of rapport. Interpretations for this result are offered.
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Appendix A: Speech Entrainment Scripts
Slow Rate Stimuli (c. 2 Syllables/Second)
1.

2.

3.

4.

4th of July: The 4th of July is an American holiday that is celebrated every year.
This holiday celebrates when Americans declared their independence from the
British a long time ago. Many people celebrate the 4th of July by having a cookout
with friends and family. Another common 4th of July activity is watching
fireworks.
The Beatles: The Beatles were a popular English rock band that formed in 1960.
The Beatles came to America by plane and landed in New York City in 1964. The
Beatles won many music awards and people still listen to their music today. Two of
the original members of The Beatles are still living today.
I Love Lucy: I Love Lucy was a popular TV show in the 1950s. This sitcom was set
in Lucy’s apartment in New York City where she lived with her singer husband,
Ricky Ricardo, and their son, Little Ricky. Lucy is very ambitious and wants to get
into show business, but usually ends up getting in trouble.
Peanut Butter Cookies: Here is a simple recipe for peanut butter cookies. Mix one
cup of peanut butter and one cup of sugar together. Put spoonfuls of the mix on a
cookie sheet. I like to put a Hershey’s kiss on top. After baking, make sure to let the
chocolate cool completely so it keeps its shape.

Medium Rate Stimuli (c. 3.5 Syllables/Second)
5.

6.

7.

8.

Three Little Pigs: There is a famous story of three little pigs. One built his house out
of straw. The other built his house out of wood. The last pig built his house out of
bricks. The big, bad wolf huffed and puffed and blew the first two houses down but
could not destroy the brick house.
Elvis: Elvis Presley is known as the King of Rock and Roll. He lived at Graceland
in Memphis Tennessee. Elvis spent more weeks at the top of the charts than any
other artist. He also made more than thirty movies. The King died in 1977, but
some say he still lives at Graceland.
Smoky Mountain: Have you been to the Smoky Mountain National Park? It is a
great place for a family vacation. When it is warm, people like to camp and hike. In
the fall, the leaves change colors and it is the perfect time for bird watching. The
Smoky Mountain National Park is the most visited national park.
Thanksgiving: Thanksgiving is a popular American holiday. At the end of
November many families come together for a big meal and to give thanks. People
travel all over the world to see family at Thanksgiving. The most common
Thanksgiving dishes are turkey and dressing, cranberry sauce, green bean casserole,
and pumpkin pie.
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Fast Rate Stimuli (c. 5 Syllables/Second)
9.

10.

11.

12.

Morning Routine: My alarm wakes me up at 7 AM. I get up, take a shower, brush
my teeth, and put on clothes for work. Then, I make breakfast and eat. Next, I feed
the dog and let it outside to use the restroom. I make sure to pack my laptop, phone,
wallet, and keys.
Eggs: I like to eat scrambled eggs for breakfast. I like them because they are fast
and easy. To make eggs I get out a pan and melt some butter over medium heat. I
crack the eggs into the pan and stir. I like scrambled eggs best, so I stir until they
are done.
Hiking: Hiking is a common leisure activity. People wear hiking boots and will go
to a local trail to walk and enjoy the scenery. The scenery people enjoy the most
while hiking are trees, waterfalls, or tops of mountains. Many people will pack a
lunch in a backpack to take with them while hiking to eat and enjoy the scenery.
Piano: The piano is one of the most played instruments. A piano has 88 keys, 52
white keys and 36 black keys. Three types of pianos are the grand piano, the upright
piano, and the electric keyboard. Many famous composers have created beautiful
piano music that is well-known around the world.
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Appendix B: Transformed Cross Correlation Values and Thresholds
Table B
Participant Transformed Cross Correlation Values and Significant Thresholds
Group Participant

Speed

Stimuli

Lag

Z

Threshold
Value

Significant

mTBI

Slow

1

0.05

0.71

0.03

yes

2

0.15

0.34

0.03

yes

3

0.01

1.07

0.03

yes

4

-0.19

0.71

0.03

yes

5

0.00

0.22

0.05

yes

6

-0.08

0.12

0.05

yes

7

-0.14

0.11

0.05

yes

8

0.03

0.13

0.05

yes

9

0.00

0.09

0.06

yes

10

-0.04

0.08

0.06

yes

11

0.01

0.10

0.05

yes

12

-0.09

0.07

0.06

yes

1

0.15

0.15

0.03

yes

2

-0.03

0.09

0.03

yes

3

-0.11

0.11

0.03

yes

4

0.14

0.08

0.03

yes

5

-0.03

0.04

0.05

no

1

Medium

Fast

2

Slow

Medium
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Table B (Continued)
Group Participant

Speed

Fast

3

Slow

Medium

Fast

Stimuli

Lag

Z

Threshold
Value

Significant

7

-0.21

0.03

0.05

no

8

0.11

0.02

0.05

no

9

-0.03

0.01

0.06

no

10

-0.09

0.02

0.06

no

11

3.61

0.01

0.05

no

12

2.14

0.01

0.06

no

1

0.30

0.21

0.03

yes

2

-0.04

0.21

0.03

yes

3

0.11

0.21

0.03

yes

4

-0.09

0.20

0.03

yes

5

0.19

0.04

0.05

no

6

-0.05

0.05

0.05

no

7

-0.11

0.07

0.05

yes

8

0.06

0.05

0.05

yes

9

-0.53

0.02

0.06

no

10

-0.48

0.03

0.06

no

11

1.50

0.02

0.05

no

12

0.15

0.02

0.06

no
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Table 4 (Continued)
Group Participant

Speed

Stimuli

Lag

Z

Threshold
Value

Significant

mTBI

Slow

1

0.21

0.23

0.03

yes

2

-0.04

0.13

0.03

yes

3

0.06

0.19

0.03

yes

4

0.03

0.18

0.03

yes

5

0.05

0.06

0.05

yes

6

0.09

0.05

0.05

no

7

-0.33

0.05

0.05

yes

8

0.06

0.05

0.05

yes

9

0.10

0.04

0.06

no

10

-0.13

0.03

0.06

no

11

-0.06

0.03

0.05

no

12

2.21

0.01

0.06

no

1

-0.14

0.15

0.03

yes

2

0.08

0.08

0.03

yes

3

0.16

0.07

0.03

yes

4

0.06

0.08

0.03

yes

5

0.03

0.03

0.05

no

6

-0.49

0.02

0.05

no

7

2.88

0.01

0.05

no

4

Medium

Fast

TBI

5

Slow

Medium
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Table B (Continued)
Group Participant
TBI

5

6

Speed

Stimuli

Lag

Z

Threshold
Value

Significant

Medium

8

0.35

0.02

0.05

no

Fast

9

0.00

0.42

0.06

yes

10

0.03

0.01

0.06

no

11

0.69

0.00

0.05

no

12

-2.66

0.00

0.06

no

1

0.13

0.14

0.03

yes

2

0.01

0.10

0.03

yes

3

0.06

0.15

0.03

yes

4

0.15

0.13

0.03

yes

5

0.38

0.05

0.05

yes

6

-0.01

0.02

0.05

no

7

0.75

0.03

0.05

no

8

0.06

0.02

0.05

no

9

1.81

0.01

0.06

no

10

0.06

0.01

0.06

no

11

3.35

0.01

0.05

no

12

1.64

0.00

0.06

no

1

0.13

0.22

0.03

yes

2

0.03

0.13

0.03

yes

Slow

Medium

Fast

7

Slow
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Table B (Continued)
Group Participant
TBI

7

Speed

Stimuli

Lag

Z

Threshold
Value

Significant

Slow

3

0.15

0.19

0.03

yes

4

0.54

0.27

0.03

yes

5

-0.03

0.06

0.05

yes

6

-0.04

0.05

0.05

yes

7

0.03

0.04

0.05

no

8

0.09

0.03

0.05

no

9

-0.13

0.02

0.06

no

10

0.03

0.02

0.06

no

11

0.69

0.01

0.05

no

12

-0.01

0.04

0.06

no

1

-0.01

0.14

0.03

yes

2

-0.03

0.15

0.03

yes

3

0.20

0.08

0.03

yes

4

-0.03

0.12

0.03

yes

5

-0.13

0.07

0.05

yes

6

0.18

0.03

0.05

no

7

-0.03

0.03

0.05

no

8

-0.04

0.03

0.05

no

9

-0.05

0.02

0.06

no

Medium

Fast

8

Slow

Medium

Fast
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Table B (Continued)
Group Participant Speed
TBI

8

Fast

Stimuli

Lag

Z

Threshold
Value

Significant

10

-0.09

0.03

0.06

no

11

2.28

0.01

0.05

no

12

-0.03

0.01

0.06

no

Note. Z, maximum transformed cross correlation value; yes, Z is greater than significance
threshold and therefore significant; no, Z is less than significance threshold and therefore
not significant
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